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Introduction 
 
     The rumen is an important organ in ruminants that produces short-chain fatty acids 
(SCFA) from foraged food. SCFAs are then utilized as the main energy resource for a 
ruminant (Roh et al., 2007; Malmuthuge et al., 2019). Morphological and physiological 
changes in rumen papillae occur during the weaning period. The large finger-like 
projections called papillae are observed in the rumen of adult cattle; however, the papillae 
are small in suckling calves (Nishihara et al., 2019). Rumen papillae develop when the 
diet changes from milk to roughage or a concentrated diet (Stobo et al., 1966). Growth of 
rumen papillae is induced by SCFAs, with butyrate as the most potent activator of rumen 
papilla growth (Sakata and Tamate, 1978; Shen et al., 2004; Gorka et al., 2011; Kato et 
al., 2011). Although understanding how rumen papillae develop is important to improve 
productivity in ruminants, the molecular mechanisms behind this process is not known. 
A highly fermentable diet is essential for maintaining milk production in dairy cattle 
and fattening in beef cattle, as well as the rapid growth of calves. However, a highly 
fermentable diet may change the rumen environment and induce acute ruminal acidosis 
(ARA) and subacute ruminal acidosis (SARA), which reduces cattle productivity (Nocek, 
1997; Kleen et al., 2003; AlZahal et al., 2007). SARA is a metabolic disease that cannot 
be avoided in early lactating dairy cattle and weaning calves. One problem of ruminal 
acidosis is that rumen epithelial tight junction (TJ) and barrier functions are disrupted by 
a combination of a high concentration of SCFA and low pH (Steele et al., 2011). The 
disruption of the rumen epithelial TJ and barrier functions causes the invasion of ruminal 
microbes and pathogen-associated molecular patterns, which induces inflammation in 
many tissues. If this disruption is prevented, the symptoms of SARA and its secondary 
inflammations may be relieved. However, how rumen epithelial cells adapt to ruminal 
environmental changes (higher concentration of SCFA and lower pH) and maintain 
homeostasis are not known. 
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To know how rumen epithelial cells adapt to ruminal environmental changes, the 
author compared the transcriptomes of rumen papillae in suckling and weaned calves. 
This study provides new information regarding the growth and proliferation of the rumen 
epithelium (Nishihara et al., 2018). In addition, calves are easily affected by rumen 
acidosis during the weaning transition. It is possible that the maintenance of homeostasis 
exists to decrease of ruminal pH and the higher concentration of ruminal SCFA from 
suckling to weaning calves (Nishihara et al., 2018). Therefore, the author focused on 
insulin-like growth factor binding proteins (IGFBPs) and Toll-like receptor 5 (TLR5), 
which are differentially expressed in rumen papillae between suckling and weaned calves.  
The six IGFBPs that bind to insulin-like growth factor I (IGF-I) and insulin-like 
growth factor II (IGF-II) regulate cell activity in various ways. By sequestering IGFs 
away from the type I IGF receptor (IGF-IR and IGF-IIR), they may inhibit mitogenesis, 
differentiation, survival, and other IGF-stimulated events (Bach et al., 1995; Corkins et 
al., 1995; Hoflich et al., 1998; Firth and Baxter, 2002; Austin et al., 2015; Cheng et al., 
2017). The expression of IGFBP2, IGFBP3, and IGFBP6 in rumen papillae are 
downregulated by switching from foraging to high grain diets and IGFBP5 expression in 
rumen papillae is upregulated by high grain diets (Steele et al., 2011; Steele et al., 2012a; 
Steele et al., 2012b). These discoveries suggest that IGFBP expression is controlled by 
highly fermentable diets and that IGFBP may be necessary for the adaptation to ruminal 
environmental change, rumen epithelial proliferation, and development of rumen papillae.  
TLR5 recognizes flagellin and plays an important role in innate immunity (Hayashi 
et al., 2001). TLR5 in mice intestines influences gut microbiota composition (Fulde et al., 
2018). Skin TLR5 facilitates cytokine expression and inflammation for host defense (Le 
et al., 2011). TLR5 ligand induces antimicrobial peptides in murine epidermal 
keratinocytes (Miller et al., 2005). TLR5 expression in rumen papillae is higher in goats 
fed a high grain diet than that in goats fed by foraging and goats infused with butyrate 
into the rumen than that in the control group (Liu et al., 2015; Shen et al., 2017). TLR5 
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expression in rumen papillae is higher in weaned calve than that in suckling calves 
(Connor et al., 2013; Nishihara et al., 2018). TLR5 must be expressed more in a lower 
ruminal pH/high ruminal SCFA concentration condition, which induces the disruption of 
rumen epithelial TJ. Therefore, TLR5 may be prepared for disruption in rumen epithelial 
TJ and barrier functions. 
    Therefore, the aims of this study were: 
1) to compare the transcriptomes of rumen papillae in suckling and weaned calves; 
2) to investigate the role of IGFBP in rumen environmental change; and 
3) to investigate the role of TLR5 in rumen environmental change.  
130
Results and discussions 
Chapter 2. 
Comparative transcriptome analysis of rumen papillae in suckling and weaned 
Japanese Black calves using RNA sequencing  
 
    This study aimed to compare the transcriptomes of rumen papillae in suckling and 
weaned calves. Total RNA was extracted from the rumen papillae of 10 male Japanese 
Black calves (five suckling calves, five weeks old; five weaned calves, 15 weeks old), 
and used in RNA-seq. Transcript abundance was estimated and differentially expressed 
genes were identified and these data were then used in IPA to predict the major canonical 
pathways and upstream regulators. Among the 871 differentially expressed genes 
screened by IPA, 466 genes were up-regulated and 405 were down-regulated in the 
weaned group. Canonical pathway analysis showed that “atherosclerosis” was the most 
significant pathway, and “tretinoin”, a derivative of vitamin A, was predicted as the most 
active upstream regulator during weaning. Analyses also predicted IgG, LPS, and tumor-
necrosis factor-Į DV UHJXODWRUV RI WKH PLFUREH-epithelium interaction that activates rumen-
related immune responses. The functional category and the up-regulators found in this 
study provide a valuable resource for studying new candidate genes related to the 
proliferation and development of rumen papillae from suckling to weaning Japanese 
Black calves. 
 
Chapter 3. 
The roles of Rumen Epithelial IGFBP for Adaptation to Rumen Environmental 
Changes in Cattle 
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    The purpose of this study was to analyze the expression of IGFBP in the rumen 
papillae of suckling (2 weeks, n = 3), milk-continued (8 weeks, n = 3), and weaned calves 
(8 weeks, n = 3) to investigate the relationship between ruminal IGFBP expression and 
rumen papillae development, and examine the regulation of IGFBP2, IGFBP3, and 
IGFBP6 in BREC. Suckling and milk-continued calves were raised by artificial suckling 
without starter feeding and weaned calves were weaned at 7 weeks of age. The length of 
rumen papillae was significantly longer in weaned calves than that in suckling and milk-
continued calves (P < 0.01). IGFBP2 expression was significantly lower in weaned calves 
than that in suckling and milk-continued calves (P < 0.05) and the expression of IGFBP3 
and IGFBP6 were significantly lower in weaned calves than that in milk-continued calves 
(P < 0.05). There were no differences in IGFBP4 and IGFBP5 expression among groups. 
IGFBP1 expression was not detected in any calves. The author also analyzed the 
expression of IGF-I, IGF-II, IGF-IR, and IGF-IIR in each group. There were no 
differences in the expression of IGF-I, IGF-II, IGF-IR, and IGF-IIR among groups. The 
length of rumen papillae was negatively correlated with the expression of IGFBP2 (r = -
0.78, P = 0.01), IGFBP3 (r = -0.73, P = 0.02), and IGFBP6 (r = -0.73, P = 0.02). 
Additionally, the author examined the localization of IGF-I and IGF-II, the targets of 
IGFBP, in rumen tissues. IGF-I and IGF-II were localized in the rumen epithelium. These 
results suggested that IGFBP controlled the proliferation of rumen epithelial cells and 
lower IGFBP expression promoted rumen papillae development during the weaning 
transition. 
BREC were isolated from the rumen of Holstein cattle. BREC were cultured with 
100 mM of Na-Gluconate or 100 mM of Na-SCFA (60 mM of sodium acetate; 30 mM of 
sodium propionate; 10 mM of sodium butyrate) at pH 7.4 or 5.6 for 3 hr. Although the 
expression of IGFBP2 was not changed among treatments, it tended to be lower with Na-
SCFA treatment (P = 0.06). The expression of IGFBP3 was not changed among 
treatments. The expression of IGFBP6 was significantly lower with Na-SCFA treatment 
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(P < 0.05). The author also examined whether BHBA, L-lactate, and D-lactate are the 
regulators of IGFBP2, IGFBP3, and IGFBP6 expression in BREC. There were no 
differences in mRNA expression of IGFBP2, IGFBP3, and IGFBP6 by BHBA and L-
lactate treatment. However, mRNA expression of IGFBP3 and IGFBP6 tended to be 
higher with D-lactate treatment than that in the control (P = 0.08 and P = 0.09, 
respectively). 
    The author examined the effect of rbIGFBP2 on BREC proliferation. BREC was 
cultured with IGF-I, IGF-II (positive control), IGF-I or IGF-II + rbIGFBP2, and 
rbIGFBP2 for 48 hr. The proliferation rate of BREC treated with IGF-I was significantly 
higher than that in the control (P < 0.001). However, there were no differences in 
proliferation rate with the treatment of IGF-I + rbIGFBP. 
    These results suggested that higher concentrations of SCFA during high grain 
feeding and the weaning transition decreased the expression of IGFBP2 and IGFBP6 in 
rumen epithelial cells and lower IGFBP expression promoted cell proliferation in the 
rumen epithelium by facilitating IGF-I. 
 
Chapter 4. 
The roles of Rumen Epithelial TLR5 for Adaptation to Rumen Environmental 
Changes in Cattle General introduction 
 
    The author investigated whether TLR5 expression in rumen papillae were different 
among suckling (2 weeks), milk-continued (8 weeks), and weaned calves (8 weeks). The 
expression of TLR5 was significantly higher in rumen papillae in weaned calves than that 
in suckling and milk-continued calves (P < 0.05 and P < 0.01, respectively). TLR5 was 
localized in the rumen epithelium, especially the basal side of the epithelium. 
     To estimate the role of TLR5 in rumen epithelial cells, BREC were cultured with 
flagellin, the ligand of TLR5, for 6 and 24 hr, and the expression of inflammatory 
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cytokines and antimicrobial peptides were analyzed. There were no differences in the 
expression of CCL2, 3, 4, 5, and 20, IL-6, and CXCL10 between the control and BREC 
treated with flagellin. The expression of IL-1ȕ was significantly higher with flagellin 
treatment for 6 than that with control treatment (P < 0.001). The expression of TNF-Į and 
CXCL8 tended to be higher with flagellin treatment for 24 hr than that with control 
treatment (P = 0.08 and P = 0.09, respectively). The expression of S100A8 and S100A9 
and DEFB1 genes were not altered by flagellin treatment. 
     To investigate the role of IL-1ȕ in rumen epithelial cells, BREC were incubated 
with IL-1ȕ for 24 hr and the mRNA expression of antimicrobial peptides (S100A8, 
S100A9, DEFB1) and CXCL8 were analyzed. The mRNA expression of S100A8, 
S100A9, and DEFB1 were significantly higher with IL-1ȕ treatment that that with control 
treatment (P < 0.001, P < 0.001, and P < 0.01, respectively). In addition, the expression 
of CXCL8 was significantly higher with IL-1ȕ treatment than that with control treatment 
(P < 0.001). 
     The author also examined the upregulation of TLR5 in rumen epithelial cells. 
Metabolites in the rumen and in the rumen epithelial cells such as SCFA, BHBA, L-lactate, 
D-lactate, and LPS were expected as the up regulators of rumen epithelial TLR5. A low 
pH of 5.6 was also expected to upregulate TLR5. At first, BREC were incubated in 100 
mM of Na-Gluconate or 100 mM of Na-SCFA (60 mM of sodium acetate; 30 mM of 
sodium propionate; 10 mM of sodium butyrate) at pH 7.4 or 5.6 for 3 hr. The expression 
of TLR5 was not higher with the SCFA treatment and low pH (pH 5.6). There were no 
changes in the mRNA expression of TLR5 by the treatment of BHBA, L-lactate, and D-
lactate. The expression of TLR5 was lower with the treatment of physiological ruminal 
concentration of LPS than that with the control. 
     These results suggested that the rumen epithelial TLR5 ligand contributed to the 
adaptation to ruminal environmental changes by promoting the autocrine and paracrine 
mechanisms of IL-1ȕ that facilitated the expression of antimicrobial peptides and CXCL8. 
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Conclusions 
 
     Taken together, these studies highlight the role of IGFBP and TLR5 during rumen 
environmental changes in rumen epithelial cells as follows: 
 
1. The downregulation of IGFBP2, IGFBP3, and IGFBP6 may promote the 
development of rumen papillae during the weaning period. 
 
2. IGFBP2 and IGFBP6 expression may be regulated by SCFA, not low pH, and 
IGFBP might regulate cell proliferation by inhibiting the role of IGF-I. 
 
3. The TLR5 ligand may stimulate IL-1ȕ paracrine and autocrine mechanisms in 
rumen epithelial cells and IL-1ȕmay contribute to the maintenance of the homeostasis of 
rumen epithelial cells by promoting antimicrobial peptides and CXCL8, which inhibit 
bacterial penetration. 
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ࢁࠊ L P S ࡸ p Hࠊ SC FA ࡟ࡼࡗ࡚ࡣ T L R 5 ࡢⓎ⌧ࡣኚ໬ࡋ࡞࠿ࡗࡓࠋࡑࡢ࡯࠿
ࡢࠊ௦ㅰ⏘≀ࡸ⳦⏤᮶ࡢ≀㉁࡞࡝࡟ࡼࡾⓎ⌧ࡀㄪ⠇ࡉࢀࡿࡇ࡜ࡀ♧၀ࡉࢀࡓࠋ 
ᮏ◊✲࠿ࡽࠊ ཯ ⱄື≀ࡀ S A R A ࡞࡝࣮࣓ࣝࣥෆ⎔ ቃ ࡬ࡢኚ໬࡟㐺ᛂ ࡍ ࡿࡢ
࡟ࠊ I G F B P ࡸ T L R 5 ࡀ⣽⬊ቑṪಁ㐍ࡸࠊᚤ⏕≀ࡢ౵ධ࡟᢬ᢠࡍࡿࡇ࡜࡛㈉⊩
ࡋ࡚࠸ࡿࡇ࡜ࡀ᫂ࡽ࠿࡜࡞ࡗࡓࠋᮏ◊✲ࡢ⤖ᯝࡣࠊ S A R A ࡢ἞⒪ࡸண㜵ࡢ㛤Ⓨ
࡟㈉⊩ࡍࡿࡀᮇᚅࡉࢀࡿࡓࡵࠊᑂᰝဨ୍ྠࡣᮏㄽᩥࡀࠊ༤ኈ㸦㎰Ꮫ㸧ࡢᏛ఩ᤵ
୚࡟್ࡍࡿࡶࡢ࡛࠶ࡿ࡜ㄆᐃࡋࡓࠋ  
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